Enantiopure β-amino alcohols constitute one of the most significant building blocks for the synthesis of active pharmaceutical ingredients. Despite the availability of a range of chiral β-amino alcohols from a chiral pool, there is a growing demand for new enantioselective synthetic routes to vicinal amino alcohols and their derivatives. In the present study, an asymmetric 2-step catalytic route that converts 4-anisaldehyde into a β-amino alcohol derivative, (S)-tembamide, with excellent enantiopurity (98% enantiomeric excess) has been developed. The recently published initial step consists in a concurrent biocatalytic cascade for the synthesis of (S)-4-methoxymandelonitrile benzoate. The O-benzoyl cyanohydrin is then converted to (S)-tembamide in a hydrogenation reaction catalyzed by Raney Ni. To achieve hydrogenation of the nitrile moiety with highest chemoselectivity and enantioretention, various parameters such as nature of the catalyst, reaction temperature and hydrogen pressure were studied. The reported strategy might be transferrable to the synthesis of other N-acyl-β-amino alcohols.
Introduction
1,2-amino alcohols are a common moiety present in numerous biologically active compounds and, therefore, play an increasingly important role as precursors in the synthesis of active pharmaceutical ingredients (APIs). Enantiomerically pure β-amino alcohols have traditionally been synthesized from the limited chiral pool of amino acids [1] . However, in view of their high potential for the synthesis of APIs, considerable efforts have been directed towards the development of new asymmetric synthetic routes to vicinal amino alcohols and their derivatives [2] [3] [4] [5] [6] [7] [8] [9] .
In the present study, a 2-step fully catalytic enantioselective route that converts 4-anisaldehyde into a β-amino alcohol derivative, (S)-tembamide, with excellent enantiopurity has been developed. Its N-acyl-β-amino alcohol moiety is found in various biologically active natural and synthetic compounds, as shown in Figure 1 . Tembamide is a natural compound that can be isolated from various members of the Rutaceae family [10, 11] . Extracts from Aegle marmelos Correa containing tembamide were used in traditional Indian medicine because of its hypoglycemic activity [12] . This amino alcohol derivative also shows adrenaline-like activity and mild insecticidal properties [13] , furthermore (S)-tembamide has been reported to exhibit anti-HIV activity [14] . Although tembamide possesses a chiral center, it has only been isolated from natural sources either as a racemate or with low enantiomeric excess (e.e.) [15] , prompting scientists to develop enantioselective synthetic routes towards both enantiomers [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
All reported pathways achieve the formation of the amide bond by acylating the amino alcohol precursor with benzoyl chloride. Furthermore, most of the routes starting from inexpensive substrates involve at least four steps, with the exception of the 3-step synthesis reported by Brown et al., in which asymmetric hydrocyanation of 4-anisaldehyde, catalyzed by a tripeptide, is followed by the reduction of the isolated chiral cyanohydrin with LiAlH4, and completed with acylation using benzoyl chloride [27] .
The current trend towards more efficient chemical transformations promotes not only the use of catalysts, rather than using activated compounds, but also the reduction of work-up steps by combining two or more reactions into sequential or concurrent cascades [30] [31] [32] [33] [34] [35] . Considering this trend, a two-step route to (S)-tembamide ((S)-4) starting from 4-anisaldehyde (1) was envisioned (see Scheme 1). Scheme 1. 2-step catalytic asymmetric route towards (S)-tembamide.
The first step consists in a concurrent bi-enzymatic synthesis of (S)-4-methoxymandelonitrile benzoate ((S)-3), using immobilized Manihot esculenta hydroxynitrile lyase (MeHNL) and Candida antarctica lipase A (CALA) as catalysts [36] . In a second step, the nitrile group is catalytically reduced to give (S)-tembamide. The catalytic hydrogenation of acylated cyanohydrins is an approach reported by Veum et al. [37] which initially forms an amino ester intermediate that spontaneously undergoes acyl transfer to yield the corresponding N-(β-hydroxy)amide. Our designed pathway constitutes a fully catalytic route that reduces the number of work-up steps with respect to the reported routes and avoids the isolation of the unstable cyanohydrin (S)-2.
The combination of MeHNL and CALA to convert aldehyde 1 into (S)-3 in organic solvent could be accomplished at low water activity by carefully selecting the acylating agent and further optimizing the reaction conditions [36] . The present work focuses on the identification of a proper catalytic system to reduce the chiral benzoylated cyanohydrin (S)-3 to form (S)-tembamide.
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The reduction of nitriles is usually achieved either by stoichiometric amounts of metal hydrides [38] [39] [40] or via catalytic hydrogenation using heterogeneous transition metal catalysts [37, [41] [42] [43] [44] [45] . While metal hydrides are generally effective, their use results in the co-production of stoichiometric amounts of metal salts, which may cause elaborate work-up procedures. The alternative catalytic hydrogenation typically yields secondary and tertiary amines as side products, due to the condensation reactions that take place between the reduction intermediate imines (II) with the formed amines (III and VI) as shown in Scheme 2 [46] [47] [48] .
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Scheme 2.
Mechanism for the formation of primary (III), secondary (VI) and tertiary (VIII) amines in the catalytic hydrogenation of nitriles as proposed by Braun [49] and modified by Greenfield [50] .
Besides the intrinsic side reactions associated with the catalytic reduction shown above, selectivity is very important, since the reactions at other functional groups in the molecule would result in undesired side products. For example, the C−O bond of the benzyloxy group is especially susceptible to hydrogenolysis, due to the phenyl ring of the cyanohydrin fragment (see Scheme 3) [37, 51, 52] . The chemoselectivity of the catalytic hydrogenation of nitriles depends on the substrate structure, the nature and loading of catalyst, the reaction temperature, the hydrogen pressure, the selected solvent and the presence of basic additives such as ammonia [46−48] . Furthermore, the hydrogenation conditions may affect the chiral center of the reactant resulting in racemization [53] . For example, even under optimized conditions, Veum et al. observed in their study on the catalytic hydrogenation of (S)-mandelonitrile acetate a decrease in enantiopurity of the resulting (S)-N-(2hydroxy-2-phenylethyl)acetamide (i.e., a decrease in e.e. from 95% to 75%) [37] . In contrast, Hertzberg Scheme 2. Mechanism for the formation of primary (III), secondary (VI) and tertiary (VIII) amines in the catalytic hydrogenation of nitriles as proposed by Braun [49] and modified by Greenfield [50] .
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Besides the intrinsic side reactions associated with the catalytic reduction shown above, selectivity is very important, since the reactions at other functional groups in the molecule would result in undesired side products. For example, the C−O bond of the benzyloxy group is especially susceptible to hydrogenolysis, due to the phenyl ring of the cyanohydrin fragment (see Scheme 3) [37, 51, 52] . The chemoselectivity of the catalytic hydrogenation of nitriles depends on the substrate structure, the nature and loading of catalyst, the reaction temperature, the hydrogen pressure, the selected solvent and the presence of basic additives such as ammonia [46−48] . Furthermore, the hydrogenation conditions may affect the chiral center of the reactant resulting in racemization [53] . For example, even under optimized conditions, Veum et al. observed in their study on the catalytic hydrogenation of (S)-mandelonitrile acetate a decrease in enantiopurity of the resulting (S)-N-(2hydroxy-2-phenylethyl)acetamide (i.e., a decrease in e.e. from 95% to 75%) [37] . In contrast, Hertzberg The chemoselectivity of the catalytic hydrogenation of nitriles depends on the substrate structure, the nature and loading of catalyst, the reaction temperature, the hydrogen pressure, the selected solvent and the presence of basic additives such as ammonia [46] [47] [48] . Furthermore, the hydrogenation conditions may affect the chiral center of the reactant resulting in racemization [53] . For example, even under optimized conditions, Veum et al. observed in their study on the catalytic hydrogenation of (S)-mandelonitrile acetate a decrease in enantiopurity of the resulting (S)-N-(2-hydroxy-2-phenylethyl)acetamide (i.e., a decrease in e.e. from 95% to 75%) [37] . In contrast, Hertzberg et al. accomplished the hydrogenation of benzylic O-acyl cyanohydrins with little or no racemization using milder temperature [54, 55] .
In this study, a careful screening of catalysts and reaction conditions has been performed in order to achieve the hydrogenation of 3 with the highest chemoselectivity and highest enantioretention to yield (S)-tembamide. As a proof of concept, the optimized hydrogenation reaction was combined with the enzyme-catalyzed synthesis of (S)-3 in a preparative 2-step chemoenzymatic cascade synthesis of (S)-tembamide.
Results and Discussion

Catalyst Screening
A crucial factor influencing selectivity in the catalytic hydrogenation of nitriles is the nature of the catalyst [48] [49] [50] [51] [52] [53] [54] [55] [56] . In order to hydrogenate the nitrile in compound (S)-3 with the highest yield towards (S)-tembamide, minimizing the hydrogenolysis of the C-O bond from the benzyloxy group and the formation of secondary and tertiary amines, a transition metal catalyst screening was performed.
With the idea of achieving the total synthesis of tembamide in a one-pot-two-step fashion, the initial catalyst screening was performed under mild conditions that could facilitate the overall process, including potential recycling of the enzymes. Additionally, by working under milder conditions, we hoped to improve the enantioretention of the chiral center with respect to the procedure reported by Veum et al. [37] . The hydrogenation reactions were carried out at room temperature under 1 bar of H 2 in dioxane, this being the solvent of choice in the optimized hydrogenation reactions previously reported by Veum et al. Table 1 shows the results of the metal-catalyzed conversion of (±)-3 under the conditions mentioned above. Although conversion of the substrate was observed in all cases, not all the catalysts afforded tembamide as a product, and only low chemoselectivity towards the desired product was observed in the cases where tembamide was formed.
While Pd on carbon afforded full conversion of (±)-3, tembamide was not formed. 1 H NMR spectroscopy identified benzoic acid as one of the reaction products and a control reaction under N 2 atmosphere afforded no conversion of the acyl cyanohydrin, indicating that benzoic acid was formed via hydrogenolysis (see Table 1 , entry 1).
Raney Co and Ni on Al 2 O 3 /SiO 2 (Ni@Al 2 O 3 /SiO 2 65%) catalyzed the hydrogenation of (±)-3 with low conversion (see Table 1 , entries 2 and 3). Raney Co is frequently used at high H 2 pressure and elevated temperature [57] , which might explain its poor performance under the initial screening conditions. It is, nevertheless, an attractive catalyst because of its typically high chemoselectivity, especially when seeking to reduce nitrile groups in the presence of other potentially reactive moieties [57] . Regarding Ni@Al 2 O 3 /SiO 2 65%, it has been shown that the catalytic activity of Ni on alumina can be enhanced after a pre-activation treatment under high H 2 pressure and high temperature [37] . This might also be the case for Rh on Al 2 O 3 ( Table 1, entry 7) , which afforded tembamide in negligible yields.
Raney Ni, Rh on silica (Rh@SiO 2 1%) and Rh on carbon exhibited high conversion of the ester (>90%) along with similar chemoselectivity towards tembamide, with yields ranging between 4 and 5% (see Table 1 , entries 4, 5 and 6). RhCl 3 ·3H 2 O and RuO 2 ·H 2 O, which catalyzed the hydrogenation of (±)-3 with lower conversion, but without tembamide formation, were not further considered (see Table 1 , entries 8 and 9).
The hydrogenation using Rh@SiO 2 1% was also performed in diisopropyl ether (iPr 2 O), resulting in higher selectivity compared to the reaction in dioxane (Table 1, entry 10). Since the first two enzymatic reactions of the final cascade are performed in diisopropyl ether, this solvent was chosen for further optimization.
In contrast to the results obtained by Veum et al. using 120 • C and 20 bar of H 2 as optimized conditions [37] , our initial catalyst screening results, performed at room temperature and 1 bar of H 2 , afforded only very low yields towards tembamide. Hence, we speculated that the catalysts' chemoselectivity to hydrogenate the nitrile moiety instead of the C-O bond could be enhanced by increasing the temperature and/or H 2 pressure. Additionally, the intramolecular acyl migration might be facilitated by increased temperatures. Therefore, a second catalyst screening was performed at 100 • C under 5 bar of H 2 (see Table 2 ). For this purpose, the catalysts that had afforded tembamide under the initial conditions, as well as Ni@Al 2 O 3 /SiO 2 65% (which was expected to perform better after pre-activation under high temperature and H 2 pressure) were selected. As expected, the pre-activation of Ni@Al 2 O 3 /SiO 2 65% and higher temperature and hydrogen pressure allowed for the formation of tembamide (see Table 2 , entry 1). In the case of the Raney catalysts, the selectivity towards tembamide was greatly increased with respect to the initial screening ( Table 2, entries 2 and 3) . Surprisingly, none of the rhodium catalysts afforded the desired product under the new reaction conditions, although full conversion was reached in these cases (see Table 2 , entries 4, 5 and 6). Although the catalytic hydrogenation of nitriles has been widely studied, there is no general method that affords the desired products with highest selectivity and yields, and therefore, optimization of the reaction parameters is always required for optimal results. In this context, there appears to be no clear trend in the reported effect of temperature and H 2 pressure on the reaction selectivity [43, 46, 56, 58] . The effect of H 2 pressure has been reported to directly influence the relative hydrogenation/condensation rates involved in the synthesis of primary, secondary and tertiary amines [43] . The higher yields observed when increasing the temperature in the case of Ni and Co catalysts may be attributed to a positive change in the relative ratios of the hydrogenation/hydrogenolysis and the hydrogenation/condensation rates.
In order to better understand the reaction and the processes leading to the formation of undesired products, the stability of (±)-tembamide was evaluated in parallel under hydrogenating conditions in the presence of Ni@Al 2 O 3 /SiO 2 65%. After 2 h of reaction, 30% of tembamide had been depleted and several degradation products were observed in HPLC. A control in the absence of catalyst showed no reaction, indicating that the degradation of tembamide was due to the hydrogenation process.
Selection of Catalyst and Optimization of Reaction Temperature
Given the superiority of the Raney catalysts in terms of selectivity towards tembamide, a reaction temperature optimization was performed under 5 bar of H 2 in order to select the best catalyst (see Figure 2 ). Raney Ni showed a temperature optimum around 100 • C, while lower yields of tembamide were obtained at higher and lower temperatures. Raney Co performed best also at 100 • C, while increasing the temperature up to 140 • C did not afford higher conversion or yield towards tembamide. Both catalysts were then tested at 100 • C and 10 bar of H 2 . In the case of Raney Ni, lower selectivity towards tembamide was observed (100% conversion, 21% tembamide yield), whereas Raney Co afforded slightly higher conversion (76%) and tembamide yield (17%) than at lower pressure.
The results indicate that Raney Co generally requires higher temperature and H 2 pressure to afford tembamide with similar selectivity as Raney Ni, but with lower reaction rate. Since variations in the H 2 pressure did not have a strong effect on the reaction performance, this parameter was set at 5 bar and Raney Ni was selected for further optimization of the reaction conditions. Having selected the catalyst, a test was performed to evaluate the enantioretention of the chiral center during the hydrogenation reaction. The hydrogenation of 19 mM (R)-4methoxymandelonitrile benzoate (99% e.e.) catalyzed by Raney Ni at 100 °C under 5 bar of H2, afforded 25% (R)-tembamide with 98% e.e.. Having selected the catalyst, a test was performed to evaluate the enantioretention of the chiral center during the hydrogenation reaction. The hydrogenation of 19 mM (R)-4-methoxymandelonitrile benzoate (99% e.e.) catalyzed by Raney Ni at 100 • C under 5 bar of H 2 , afforded 25% (R)-tembamide with 98% e.e..
Identification of Side Products and Further Optimization of Reaction Parameters
Using high resolution GC-MS analysis of a crude reaction mixture obtained after hydrogenation, three major side products were identified (Figure 3, compounds 5-7 , see Supporting Information, Figures S1-S8 , for GC-MS spectra). Formation of benzoic acid (5) and 4-methoxy benzyl cyanide (7) can be explained by hydrogenation of the benzylic C-O bond of compound 3. The presence of the secondary amine 6 is supported by the mechanism proposed in Scheme 2, involving reduction products of compound 7 and possibly other reaction intermediates. We infer that hydrogenolysis of the benzylic C-O bond is one of the major side reactions, which leads to products, such as 6 and 7, that can trigger the formation of other side products such as secondary and tertiary amines, further depleting the tembamide yield. Previous reports have indicated that the addition of NH 3 minimizes the formation of secondary and tertiary amines [47, 48] . However, this additive can also result in the formation of other undesired products, as observed by Veum et al. for the catalytic hydrogenation of acylated cyanohydrins [37] . Furthermore, we surmised that if the nitrile hydrogenation takes place selectively, the β-amino ester quickly undergoes transacylation to tembamide and, thus, will not participate in secondary amine formation pathways. Based on these considerations, no efforts were made towards the addition of additives such as NH 3 to avoid secondary and tertiary amine formation.
Additionally, NMR analysis of a column chromatography fraction established the presence of the side product 8 (see Supporting Information, Figures S9 and S10 for NMR spectra). The amine formed via hydrogenation of compound 7 may react with another species bearing a benzoyl group in a nucleophilic acyl substitution to yield compound 8. Alternatively, this side product may result from the hydrogenolysis of the C-OH bond after tembamide formation, considering that tembamide was shown to react under hydrogenating conditions. Therefore, the identification of an optimal reaction time to avoid tembamide degradation appears to be crucial. conditions. Therefore, the identification of an optimal reaction time to avoid tembamide degradation appears to be crucial. The presence of water in the reaction medium also influences the catalytic hydrogenation of nitriles, but, so far, the studies on the specific effect of water on the product distribution and reaction rate are inconclusive. Volf et al. reported increased reaction rate and selectivity towards primary amines upon addition of water when using unsupported Ni and Co catalysts, while the contrary effect was observed when using supported catalysts [59] . In the case of Pt(C)-catalyzed hydrogenation of benzonitrile, increased selectivity towards primary amines was reported when small quantities of water were added [50] . However, it has also been claimed that water increases the reaction rate, while having a negligible effect on the chemoselectivity when supported Pt and Ru catalysts were used [60] . Veum et al. observed a slightly positive effect on the reaction yield when adding water in the hydrogenation of aliphatic cyanohydrins but reported no effect on benzylic acylated cyanohydrins [37] . Additionally, studies on acyl migration of monoacylglycerols have shown that water addition influences the migration rate, which could also affect the yield of tembamide in our reaction [61] . Furthermore, the addition of water could increase the risk of hydrolysis of benzoylated species. To evaluate the effect of water on the hydrogenation of (±)-3, two experiments were carried out ( Table 3 , entries 1 and 2) where water was either removed or added to the system. The addition of 4 Å molecular sieves to remove water had a slightly negative effect on The presence of water in the reaction medium also influences the catalytic hydrogenation of nitriles, but, so far, the studies on the specific effect of water on the product distribution and reaction rate are inconclusive. Volf et al. reported increased reaction rate and selectivity towards primary amines upon addition of water when using unsupported Ni and Co catalysts, while the contrary effect was observed when using supported catalysts [59] . In the case of Pt(C)-catalyzed hydrogenation of benzonitrile, increased selectivity towards primary amines was reported when small quantities of water were added [50] . However, it has also been claimed that water increases the reaction rate, while having a negligible effect on the chemoselectivity when supported Pt and Ru catalysts were used [60] . Veum et al. observed a slightly positive effect on the reaction yield when adding water in the hydrogenation of aliphatic cyanohydrins but reported no effect on benzylic acylated cyanohydrins [37] . Additionally, studies on acyl migration of monoacylglycerols have shown that water addition influences the migration rate, which could also affect the yield of tembamide in our reaction [61] . Furthermore, the addition of water could increase the risk of hydrolysis of benzoylated species. To evaluate the effect of water on the hydrogenation of (±)-3, two experiments were carried out ( Table 3 , entries 1 and 2) where water was either removed or added to the system. The addition of 4 Å molecular sieves to remove water had a slightly negative effect on the yield towards tembamide compared to reactions without molecular sieves ( Table 2 , entry 2). This might imply that small quantities of water have a beneficial effect on the catalyst performance, making complete removal counterproductive. The addition of 2.5% v/v water, however, resulted in a dramatically lower yield of tembamide and a higher concentration of benzoic acid (5.7 mM when using molecular sieves vs. 8 mM with water addition). Unfortunately, we cannot differentiate to what extent this is caused by increased hydrogenolysis, hydrolysis or other processes. Therefore, no further experiments were directed towards optimizing the amount of water in the reaction medium and it was decided to proceed without further removal or addition of water. The catalyst loading and substrate concentration were also expected to impact the reaction performance. First, the catalyst loading was adjusted (see Table 3 , entries 3-5). A reduction of the catalyst/substrate ratio was desirable in terms of process economy and could potentially alter the selectivity of the reaction. An experiment was performed decreasing the Raney Ni loading to 0.5 g per g of substrate, whereupon a slight increase in selectivity was observed. Further decreasing the catalyst loading to 0.25 g/g resulted in a lower tembamide yield. Thus, for future experiments the catalyst loading was set to 0.5 g/g.
In order to evaluate the effect exerted by the substrate concentration, a hydrogenation experiment was performed starting from a saturated solution of substrate (Table 3 , entry 6). Also, based on the concentration of the ester obtained via the biocatalytic cascade, a hydrogenation reaction using 84 mM substrate was performed (Table 3, entry 7). Increasing the concentration of 4-methoxymandelonitrile benzoate had a negative influence on the selectivity of the hydrogenation reaction, leading to a decreased tembamide yield. We hypothesize that this detrimental effect associated with an increased substrate concentration results from a competition between the O-benzoyl cyanohydrin and the partially reduced imino intermediate (see Scheme 2, compound II) on the catalyst surface, in which compound 3 outcompetes the imino intermediate at higher concentrations. This situation, combined with the higher concentration of free amines would increase the rate of the condensation reaction between the imino intermediate and the amines, and therefore limit the hydrogenation of intermediate II that would eventually lead to tembamide.
Preparative Synthesis of (S)-Tembamide
Once all hydrogenation conditions had been optimized, we aimed for a one-pot, two-step catalytic synthesis of (S)-tembamide. Based on our previous studies [36] , the enzymatic cascade leading to (S)-3 afforded a crude solution containing approximately 80-85 mM (S)-3, 10-15 mM 2, 5-10 mM 1, 180 mM phenyl benzoate, 40 mM benzoic acid and a maximum of 550 mM HCN. Given the high concentration of HCN and its susceptibility to hydrogenation [62, 63] , its effect on the hydrogenation of 3 was evaluated. For optimal selectivity, a concentration of 3 in the range of 20 mM was selected, for which the biocatalytic crude reaction mixture would undergo a 4-fold dilution prior to the reduction step. Therefore, the final HCN concentration in the autoclave was estimated to be around 120 mM. Thus, a hydrogenation reaction of 19 mM (±)-3 with addition of 120 mM HCN and a control reaction without HCN were performed. For safety reasons, a setup was used that limited the reaction temperature to 70 • C. After 1 h, the control reaction had afforded 60% conversion of (±)-3, whereas the reactor containing HCN showed no conversion of the benzoylated cyanohydrin. This result established the need to evaporate the crude reaction mixture obtained from the enzymatic cascade in order to eliminate the HCN, followed by subsequent re-dissolution in iPr 2 O prior to the hydrogenation step.
In our first attempt to synthesize (S)-tembamide from the re-dissolved biocatalytic reaction crude mixture containing 19 mM (S)-3 (97% e.e.), the hydrogenation reaction was stopped after 40 min. With such short reaction time, we aimed at a conversion close to 100% and at a maximum yield of tembamide by avoiding excessive product degradation due to a long reaction time. However, the reaction proved to be much slower than when starting from pure 3, resulting in a conversion of 45% and affording tembamide with 9% yield (95% e.e.). The decrease in reaction rate was attributed to the presence of other species that can also undergo hydrogenation, especially phenyl benzoate, which is present in much higher concentration than (S)-3. Therefore, a longer reaction time was required to achieve full conversion. Regarding the enantioretention, the enantiomeric excess of tembamide experienced only a minor loss, as had been confirmed previously during the hydrogenation of (R)-3.
Once all hydrogenation reaction parameters were defined, the synthesis of (S)-tembamide starting from 300 mg 4-anisaldehyde was performed. The scaled-up biocatalytic cascade afforded (S)-3 with 80% yield and 99% e.e. After separation of the immobilized enzymes and evaporation of the volatiles, the crude product was re-dissolved in diisopropyl ether to a concentration of 21 mM and the hydrogenation reaction was performed under the optimal conditions for 90 min. Chiral HPLC analysis showed that (S)-tembamide had been successfully synthetized with 32% yield and 98% e.e., while compound 3 was fully converted. Column chromatography purification, followed by recrystallization in heptane/diethyl ether, afforded 91 mg of pure colorless crystals (isolated overall yield of 15%, see Supporting Information, Figures S11 and S12 for NMR spectra). We cannot determine to what extent the factors that differentiate this experiment from the optimized hydrogenation of pure 3, such as the presence of other species combined with the longer reaction time or the larger reaction volume, may have influenced the reaction chemoselectivity in order to afford a higher yield.
Materials and Methods
Enzymes
Hydroxynitrile lyase from Manihot esculenta was heterologously expressed in E. coli K12 Top 10F' harboring the pSE420-MeHNL plasmid, which was kindly provided by the Austrian Centre of Industrial Biotechnology (ACIB GmbH), Graz, Austria. The procedure is described in detail in our previous publication [36] . Candida antarctica lipase A (Novozym ® CALA L, LDN 00025) was purchased from Novozymes A/S, Bagsvaerd, Denmark.
Enzyme Immobilization
MeHNL and CALA were adsorbed on Celite R633 and Relizyme EXE309, respectively, following the previously described procedures [36] .
Enzyme Activity Measurements
The enzymatic activity of immobilized MeHNL was determined following the hydrocyanation of 4-anisaldehyde [36] . The enzymatic activity of immobilized CALA was determined following the hydrolysis of 4-nitrophenyl butyrate [36] .
Chemicals
Unless otherwise indicated, reagents and organic solvents were purchased from Fisher Scientific, Landsmeer, The Netherlands. TCI Europe N.V., Zwijndrecht, Belgium, Sigma Aldrich N.V., Zwijndrecht, The Netherlands and Acros Organics B.V.B.A., Geel, Belgium and were of the highest available purity.
Raney ® Cobalt was kindly provided by Dr. Klaas van Gorp (Grace Catalysts Technologies, Grace GmbH & Co, Worms, Germany); Celite R633 was a gift from Imerys S.A., Paris, France; Relizyme EXE309 was kindly provided by Resindion S.r.l., Binasco, Italy. (S)-Tembamide used for construction of HPLC calibration curves had been previously synthetized by Joerg Schrittwieser at Frank Hollmann's group [16] .
The preparation of the hydrogen cyanide (HCN) solution, as well as the determination of the HCN concentration was performed according to the previously reported procedure [36] .
3.2.1. Synthesis of (±)-4-Methoxymandelonitrile, (±)-2 (±)-4-Methoxymandelonitrile was synthetized via chemical hydrocyanation of 4-anisaldehyde following a modified literature procedure [64] . In a 100 mL round-bottom flask, NaCN (4.4 g, 90 mmol) was dissolved in water (30 mL) and NaHSO 3 (9.4 g, 90 mmol) was slowly added. 4-anisaldehyde (2.4 g, 18 mmol) was dissolved in ethyl acetate (20 mL) and added to the reaction mixture. After 1 h of vigorous stirring, the flask was introduced in an ice-water bath and stirred for another 6 h. The reaction was followed by HPLC until it reached plateau after 90% conversion. Distilled water (30 mL) was added to dissolve the salts and the aqueous phase was extracted with ethyl acetate (2 × 10 mL). The combined organic phase was washed with brine, dried over anhydrous MgSO 4 and concentrated on a rotary evaporator using a 10 • C bath, whereupon crystallization occurred. The crystals were washed with cold heptane/ethyl acetate (2:1) and stored at 5 • C. HPLC analysis showed that the (±)-4-methoxymandelonitrile crystals contained 3.0% 4-anisaldehyde impurity.
Synthesis of (±)-4-Methoxymandelonitrile Benzoate, (±)-3
The cyanohydrin ester was synthesized via chemical benzoylation of (±)-2 (97.0%). A sealed 50 mL round-bottom flask containing (±)-4-methoxymandelonitrile (2.02 g, 12 mmol) and benzoyl chloride (1.5 mL, 13.2 mmol) in dry dichloromethane (20 mL) under N 2 atmosphere, was introduced in an ice-water bath and anhydrous pyridine (10.7 mL, 13.2 mmol) was added dropwise with a syringe. The reaction mixture was vigorously stirred for 2 h. The mixture was then transferred to a 100 mL separatory funnel and washed with demineralized water (2 × 20 mL), citrate 0.2 M pH 4 (2 × 20 mL) and phosphate 0.2 M pH 8 (2 × 20 mL). The organic phase was then dried over anhydrous MgSO 4 and concentrated in a rotary evaporator. Recrystallization (dichloromethane/diethyl ether 1:4) afforded (±)-4-methoxymandelonitrile benzoate (1.90 g, 58% isolated yield).
Synthesis of (R)-4-methoxymandelonitrile benzoate, (R)-3
The same procedure as described for (±)-3 was followed using commercially available (R)-4-methoxymandelonitrile benzoate (0.50 g, 98.0%, 3 mmol), affording white crystals of (R)-4-methoxymandelonitrile benzoate in 60% yield.
Hydrogenation Reactions
Pretreatment of Catalysts
When mentioned, Ni@Al 2 O 3 /SiO 2 65% and Rh@Al 2 O 3 5% were preactivated overnight at 120 • C under 10 bar of H 2 in diisopropyl ether. Unless otherwise noted, Raney catalysts were washed 2× with Milli-Q ® water, then 2× with ethanol and finally 2× with the reaction solvent.
3.3.2. General Procedure for the Hydrogenation of (±)-3 at Room Temperature Under 1 Bar of H 2 -Initial Catalyst Screening In a 4 mL glass vial with septum cap containing a magnetic stir bar, the catalyst was weighed. A solution (2 mL) containing (±)-3 19 mM (38 µmol) and mesitylene 20 mM (40 µmol, internal standard) in dioxane or diisopropyl ether was added and, after flushing with N 2 , the gas was replaced with H 2 using a balloon. Finally, the balloon was refilled with H 2 and the reactions were stirred at 350 rpm at room temperature (25 • C) for 24 h. Samples (20 µL) were analyzed by HPLC.
General Procedure for the Hydrogenation of (±)-3 in Autoclave Reactor
To a stainless-steel reactor (Büchi tinyclave) provided with a Teflon vessel with 10 mL maximum capacity and a magnetic stir bar, a solution (3.5 mL) containing (±)-3 21.7 mM (76 µmol) and mesitylene 22.9 mM (80 µmol) in diisopropyl ether was added. The pretreated catalyst was subsequently added, together with diisopropyl ether (0.5 mL). The autoclave was then tightly closed and flushed with four cycles of N 2 -vacuum. Finally, it was pressurized with 5 or 10 bar of H 2 , introduced in a preheated oil bath and stirring was set to 600 rpm. After the selected reaction time, the autoclave was removed from the oil bath and allowed to cool for 20 min. The reactor was then de-pressurized and dioxane was added to dissolve all species, since formation of crystals was observed. Samples (20 µL) were analyzed by HPLC.
Stability of Tembamide Under Hydrogenating Conditions in Autoclave Reactor
To a stainless-steel reactor (Büchi tinyclave) provided with a Teflon vessel with 10 mL maximum capacity and a magnetic stir bar, a solution (3.5 mL) containing (±)-tembamide 4.6 mM (16 µmol) and mesitylene 22.9 mM (80 µmol) in diisopropyl ether was added. (±)-Tembamide was prepared following the procedure described in 4.3.3. at 100 • C, under 5 bar H 2 using pretreated Raney Ni as catalyst, and further purified using column chromatography (ethyl acetate/n-heptane). Pretreated Ni@Al 2 O 3 /SiO 2 65% (5 mg) was subsequently added, together with diisopropyl ether (0.5 mL). For the control reaction, only diisopropyl ether (0.5 mL) was added. The autoclave was then tightly closed and flushed with four cycles of N 2 -vacuum. Finally, it was pressurized with 5 bar of H 2 , introduced in an oil bath preheated to 100 • C and stirring was set to 600 rpm. After 2 h, the autoclave was removed from the oil bath and allowed to cool for 20 min. The reactor was then de-pressurized and dioxane was added to dissolve all species. Samples (20 µL) were analyzed by HPLC.
Hydrogenation of (R)-3 in Autoclave Reactor
To a stainless-steel reactor (Büchi tinyclave) provided with a Teflon vessel with 10 mL maximum capacity and a magnetic stir bar, a solution (3.5 mL) containing (R)-3 21.7 (76 µmol) mM and mesitylene 22.9 mM (80 µmol) in dioxane was added. Pretreated Raney Ni was subsequently added, together with dioxane (0.5 mL). The autoclave was then tightly closed and flushed with four cycles of N 2 -vacuum. Finally, it was pressurized with 5 bar of H 2 , introduced in an oil bath preheated to 100 • C and stirring was set to 600 rpm. After 2.5 h, the autoclave was removed from the oil bath and allowed to cool for 20 min. The reactor was then de-pressurized and dioxane was added to dissolve all species. Samples (20 µL) were analyzed by HPLC.
Evaluation of the Effect of HCN on the Hydrogenation of (±)-3 in Autoclave Reactor
In a 25 mL glass reactor (Büchi tinyclave) provided with a magnetic stir bar, a solution (4 mL) containing (±)-3 23.8 mM (95 µmol) and mesitylene 25.0 mM (100 µmol) in diisopropyl ether was added. Pretreated Raney Ni was subsequently added, together with diisopropyl ether (0.5 mL) and, finally, HCN 1.2 M in diisopropyl ether (0.5 mL, 0.6 mmol) was added. For the control reaction, diisopropyl ether (0.5 mL) was added instead of the HCN solution. The autoclave was then tightly closed and flushed with four cycles of N 2 -vacuum. Finally, it was pressurized with 5 bar of H 2 , introduced in a steel cage and in an oil bath preheated to 70 • C and stirring was set to 600 rpm. After 1 h, the autoclave was removed from the oil bath and allowed to cool for 20 min. The reactor was then de-pressurized and dioxane was added to dissolve all species. Samples (20 µL) were analyzed by HPLC.
Preparative Synthesis of (S)-Tembamide
Biocatalytic Cascade Synthesis of (S)-3
In a 100 mL round-bottomed flask provided with a magnetic stir bar, immobilized MeHNL (190 mg, 0.03 U/mg) and immobilized CALA (137 mg, 0.11 U/mg) were weighed. Subsequently, a solution (22 mL) containing 4-anisaldehyde 100 mM (2.2 mmol), HCN 650 mM (14.3 mmol) and mesitylene 50 mM (1.1 mmol) (internal standard) was added. Finally, phenyl benzoate (440 mg, 2.2 mmol, 1 equivalent) was added at the beginning of the reaction, after 24 h and after 48 h (total of 3 equivalents). The mixture was stirred at 300 rpm and room temperature. The reaction was followed by HPLC and was stopped after 136 h, affording (S)-4-methoxymandelonitrile benzoate in 80% HPLC yield and 99% e.e. The mixture was then centrifuged (4000× g, 4 • C for 15 min) and the volatiles of the clear solution were evaporated using a rotary evaporator.
Catalytic Hydrogenation of (S)-3
The crude reaction mixture from the biocatalytic step was re-dissolved in diisopropyl ether (93 mL) and introduced in a stainless-steel reactor (Büchi miniclave) provided with a Teflon vessel with 300 mL maximum capacity, containing a magnetic stir bar. Raney Ni slurry (1 mL) was centrifuged and the aqueous phase was removed. After adjusting the moist weight, the catalyst (224 mg) was added together with diisopropyl ether (1 mL) to the reactor. The autoclave was then tightly closed and flushed with four cycles of N 2 -vacuum. Finally, it was pressurized with 5 bar of H 2 , introduced in an oil bath preheated to 100 • C and stirring was set to 600 rpm. After 1.5 h, the autoclave was removed from the oil bath and allowed to cool for 20 min. The reactor was then de-pressurized and dioxane was added to dissolve all species. A sample (20 µL) analyzed by HPLC showed that (S)-tembamide was synthetized with 32% yield and 98% e.e. The solvents were then evaporated using a rotary evaporator. Column chromatography purification using an eluent mixture of ethyl acetate and n-heptane followed by recrystallization of the enriched fractions (ethyl acetate/n-heptane 1:9) afforded 91 mg of pure colorless (S)-tembamide crystals (isolated overall yield of 15%). 1 
HPLC Analysis
The quantification of 4-anisaldehyde, (S)-and (R)-4-methoxymandelonitrile, (S)-and (R)-4methoxymandelonitrile benzoate, (S)-and (R)-tembamide and benzoic acid was achieved using chiral normal phase HPLC. Samples were diluted to a final mesitylene concentration of 1 mM with n-heptane/isopropanol 8:2 v/v and dried over anhydrous MgSO 4 . Analysis was performed using a Hitachi Elite LaChrom HPLC system, consisting of a VWR Hitachi L-2130 pump, L-2200 auto-sampler, L-2350 column oven, L-2400 UV detector using a D 2 lamp, coupled to a Hitachi organizer module. Separation was achieved on a Chiralpak AD-H column (250 mm × 4.6 mm × 5 µm; Daicel, Japan), using n-heptane/isopropanol (82/18) at a flow rate of 0.65 mL/min. The column oven temperature was set at 35 • C and a detection wavelength of 225 nm was chosen. Under these conditions, the compounds were separated with the following retention times: mesitylene (internal standard) 5.0 min, benzoic acid 6.7 min, phenol 7.0 min, phenyl benzoate 7.3 min, 4-anisaldehyde 8.3 min, (S)-4-methoxymandelonitrile 9.6 min, (R)-4-methoxymandelonitrile 10.5 min, (S)-4-methoxymandelonitrile benzoate 13.1 min, (R)-4-methoxymandelonitrile benzoate 13.9 min, (S)-tembamide 16.4 min and (R)-tembamide 17.4 min.
Calibration curves were prepared using commercial 4-anisaldehyde (>99.0%), (R)-4-methoxymandelonitrile (98.0%) and benzoic acid (>99.5%) as well as chemically synthesized (±)-4-methoxymandelonitrile benzoate and (S)-tembamide (99%).
Conclusions
In the present work, the one-pot, two-step catalytic synthesis of (S)-tembamide was successfully accomplished on a preparative scale. Whereas the initial concurrent bienzymatic cascade step afforded the intermediate (S)-3 with a fair yield of 80% and excellent enantioselectivity (99% e.e.), the hydrogenation reaction proceeded with a maximum yield of 32% towards the desired product, significantly lowering the overall yield of the designed route. However, the enantiopurity of the synthesized (S)-tembamide (98% e.e.) was outstanding, with a minor loss of 1% during the hydrogenation step in contrast to the low enantioretention observed under the harsher conditions employed by Veum et al. on the hydrogenation of benzylic acyl cyanohydrins [37] .
The identification of the major side products, together with the limited improvements on the yield of tembamide achieved during the reaction optimization, demonstrated the difficulty of controlling the reaction chemoselectivity. Nevertheless, we hypothesize that the yield might be further enhanced when working with a fed batch system, thereby lowering the observed detrimental effect of high substrate concentrations. Furthermore, on-line reaction monitoring would allow studying the effect of the reaction parameters on the rate of side product formation, which might further contribute to optimizing the overall reaction.
Our approach is potentially transferrable to the synthesis of other N-acyl-β-amino alcohols, for which higher selectivity is expected when using aliphatic aldehydes as starting material, since the C-O bond would be less susceptible to hydrogenolysis (see Scheme 3). However, based on our experience and literature examples, it seems likely that an optimization of the reaction parameters would be required in each case in order to maximize the yield, since there is still no general robust method for the selective hydrogenation of nitriles in compounds bearing other reactive groups [37, 54, 55] .
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